Abstract. Exposure to anesthetic agents has been linked to abnormal tau protein phosphorylation, an antecedent to the development of neurofibrillary tangles. This study evaluates the direct and indirect effects of dexmedetomidine. Primary culture of cortical neurons established from Sprague-Dawley (SD) rat embryos were exposed to dexmedetomidine for 1 or 6 hours, and the degree of tau phosphorylation at the AT8, AT180, and S396 sites was assessed by western blot analysis. To assess and compare their relative in vivo effects, the same agent was administered intravenously to 8 to 10 week old male SD rats and titrated to the loss of the righting reflex for 2 hours. After 1 hour of recovery, the rats were sacrificed and samples taken from the cortex and hippocampus were subjected to western blot and immunohistochemical analysis. The in vitro studies reviewed significant hyperphosphorylation only at the S396 site, and these changes have largely disappeared at 6 hours. With temperature maintenance, dexmedetomidine induced significant changes in hyperphosphorylation at the AT8 site in the cortex and hippocampus and at the AT180 in the hippocampus. The direct effect of anesthetic agents on fully differentiated cortical neurons is epitope-specific and short-lived. The in vivo effects are comparatively more complicated and depend not only on the phosphorylation site but the regions of the brain examined. These findings suggest that dexmedetomidine increases tau phosphorylation both in vitro and in vivo under normothermic conditions, and further studies are warranted to determine the long-term impact of this anesthetic on the tau pathology and even cognitive function.
INTRODUCTION
Tau proteins are essential to the normal functions of microtubules and contribute to axonal integrity of the normal mature neuron [1] . Abnormal tau phosphorylation leads to its self-aggregation into paired helical filaments, the major component of neurofibrillary tangles, which is a prominent and consistent histological feature found in brains of patients afflicted with Alzheimer's disease (AD) [1] .
Anesthesia exposure has been linked to the induction of abnormal tau hyperphosphorylation; and thus there is growing interest in the potential relationship between anesthesia and the progression of AD. Anesthesia exposure has also been implicated as a potential contributor to the development of postoperative cognitive dysfunction [2] . Anesthesia-induced tau hyperphosphorylation has been reported by a number of investigators using different agents and conditions [3] [4] [5] [6] . Initially, these findings were attributed to anesthesia-induced hypothermia rather than a direct adverse effect of the agents themselves [6] . In contrast, very brief periods of anesthetic exposure have also been shown to induce some degrees of tau phosphorylation independent of temperature changes [3, 7, 8] .
Dexmedetomidine is a highly selective alpha-2-adrenergic agonist which exhibits a wide range of effects on the mammalian brain that includes sedation, analgesia, and anxiolysis effects [9] . It has become a popular drug for sedation in the perioperative setting and intensive care unit (ICU), where it has exhibited a number of benefits over traditional sedatives, including a reduction in the number of days of delirium or coma in mechanically ventilated patients in the ICU [9, 10] . This agent is also being used intra-operatively as an adjunct to general anesthesia, where it has displayed anesthetic and analgesic sparing effects. It is of note that dexmedetomidine is distinctive in that its clinical effects are achieved independent of actions on gamma aminobutyric acid (GABA) receptors, the putative target of many of the current sedative and anesthetic agents [11] . Dexmedetomidine has been shown to exert a number of neuroprotective effects via several mechanisms both in vivo and in vitro. It decreases catecholamine levels to improve cerebral oxygen supplies and perfusion in the ischemic penumbra as well as reducing excitotoxicity [12] . Stimulation of astrocytic ␣-2 adrenergic receptors raises astrocytic calcium concentrations, which in turn stimulates glutaminase enzyme activity and the ability of astrocytes to dispose of glutamine by oxidative metabolism [13] . Dexmedetomidine increases the concentration of BCL-2 in the mitochondrial membrane during ischemia thereby decreasing mitochondrial membrane permeability and reducing the release of proapoptotic protease activity such as cytochrome C or the apoptosis-inducing factor from the mitochondria into the cytosol [14] . Inhibition of isoflurane induced capsase-3 expression in hippocampal slice cultures suggests that dexmedetomidine may be an important adjunct to prevent isoflurane-induced neurotoxicity in the growing brain [15] .
In light of these putative neurologic benefits against ischemic insults, it is, therefore, of interest to delineate whether dexmedetomidine has any effects on tau phosphorylation as seen with GABA agonists. Hence, the aim of this study was to examine the direct impact of dexmedetomidine on tau phosphorylation under normothermic conditions. We found that dexmedetomidine leads to tau hyperphosphorylation under normothermic conditions both in rat cortical neuronal cells and rats.
MATERIALS AND METHODS

Primary culture of cortical neurons and drug treatment
Experimental protocols were approved by our local institutional animal ethics committee and animals were treated in accordance with NIH guidelines. Primary culture of cortical neurons was prepared from embryonic day 18 ± 0.5 Sprague-Dawley (SD) rat embryos according to our previously published method [16] . Briefly, cortices were dissected and neurons were seeded onto 6-well plates pre-coated with poly-L-lysine (25 g/ml) at a density of 4.0×10 5 cells/well and mixed with a combination of 1 : 1 SMEM medium (MEM medium added with 0.3% glucose, 1% glutamine, 5% fetal bovine serum, penicillin (50 U/ml), and streptomycin (50 g/ml) and 0.41% hormone cocktail and ␤-mercaptoethanol) and NB medium (Neurobasal TM medium supplemented with L-Glutamine (2 mM), B-27 supplement, penicillin (50 U/ml), and streptomycin (50 g/ml)). All reagents used for in vitro studies were from Gibco-BRL (Burlington, Ont., Canada). After 24 h of incubation, deoxyfluorouridine (final concentration 1 M) was added to the cortical neuron culture to suppress the growth of proliferating glial cells. One third of the medium was replaced with NB medium every 2 days. Neurons were maintained at 37 • C in a humidified atmosphere with 5% CO 2 . All experiments were performed with 14-day-old culture, which is considered to contain differentiated neurons [17, 18] .
Cultured neurons were exposed to one of the following treatments. In the control group (CON), neurons were cultured and harvested in the medium without any additional treatment. As a positive control for tau phosphorylation, 50 nM of okadaic acid (OA) was added to the medium and incubated for 3 h before harvest. Three dosages of dexmedetomidine (Dex; Pfizer, USA) were used: 5, 10, or 20 M of the drug were added into the medium for 1 or 6 h. These doses were in the order of magnitude that had previously shown to be non-toxic to cultured neurons [19] . Finally, the effects of mild (35 • C) or profound (30 • C) hypothermia were assessed by incubating the cells in medium only at the respective temperature. For each treatment the level of phosphorylation at the AT8, AT180, and S396 were determined by western blot and the results were expressed as a ratio of total of tau proteins. Five determinations were used for each of the different treatment with each plate of cells representing one experiment.
In vivo anesthetic exposure
Fifty-four male SD rats aged between 8 and 10 weeks, weighing between 270-310 g were obtained from the Laboratory Animal Unit (LAU) of the LKS Faculty of Medicine in the University of Hong Kong, where the LAU has been accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC). Effort has been made to reduce the number of animal to be used in the experiment. They were housed in a temperaturecontrolled room (20) (21) (22) • C) with a 12-h light/dark cycle prior to experiment. The animals were divided into 4 groups randomly (n = 7 in each group). In the control group (CON), the rats were allowed to become comatose without any treatment by exposure to high purity CO 2 for less than 30 s according to the guideline of American Veterinary Medical Association (AVMA) for euthanasia . The head was then cut after decapitation. In the Sham group (Sham), tail veins of the rats were cannulated with a 24 G intravenous catheter and were given a bolus of the vehicle control saline for the same induction time with anesthetic groups. In the dexmedetomidine groups, the animals subjected to dexmedetomidine treatment had either temperature maintained at 35 • C (Dex35) using a heating pad or have no temperature control (Dex). The animals were induced with 1 to 2 ml/kg of drug solution (20 g/ml) and maintained at 1.5 ml/h, which was in the range of 1 g/kg/min, and monitored by the loss of the righting reflect [20] . Drug was administered using a micro-pump (ALC-IP600LB, Shanghai Alcott Biotech, China) for 2 h continuously through a tail vein cannula. The rate of infusion was adjusted every 15 min as required. Body temperature was measured using an animal body temperature thermometer (BW-TH1101, ShangHai Biowill, China).
After 2 h, the infusion was stopped and the rats were allowed to recover in their cages for 1 h before being sacrificed. The rats were then perfused with cold saline and the brains were quickly removed. Half of the brains were dissected into different regions for western blot analysis. The other half were fixed with 4% paraformaldehyde and dehydrated in ethanol and embedded in paraffin for immunohistochemical analysis.
Western blot analysis
Cultured neurons or brain tissues were harvested at the end of the experiment and were subjected to western blot analysis according to our previous methods [16, 21] . Proteins were extracted in lysis buffer containing a cocktail of protease inhibitors purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA) according to our previous publications [17] . Total lysate was collected and they were subjected to SDS polyacrylamide gels electrophoresis and transferred to PVDF membranes (Bio-Rad Laboratories, Inc., California). The membranes were incubated with different monoclonal antibodies AT8, AT180 (Thermo Fisher Scientific Inc., USA), and S396 (Cell Signaling Technology, USA) recognize phosphoepitopes; which are specific for tau phosphorylated at Ser202 and Thr205 (AT8), Thr231 (AT180), and Ser396 (S396). Moreover, the protein level of several effectors involved in signaling mechanism were also investigated, which included
Cell Signaling Technology, USA), p-PP2A (Y307), and PP2A-C (Epiromomic, USA). After washing, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (DAKO, Denmark) for 1.5 to 2 h and subsequently developed by using the ECL or ECL-plus western blotting detection kit (Amersham, UK). The membranes were then stripped with stripping buffer (50 mM glycine, 2% SDS, pH 2.0) and re-probed with anti-␤-actin antibody (Cell Signaling Technology, USA), GAPDH (Cell signaling Technology, USA), and then goat anti-mouse HRP secondary antibody. The intensity of the band was assessed and analyzed by gel documentation system UVP, Inc. (Upland, CA, USA).
Immunohistochemical analysis
Paraffin blocks were prepared from the brain samples and 6-m-thick coronal sections were cut. After dewaxing and rehydration, the sections were treated with 0.01 M citrate buffer (pH 6.0) with 0.1% Tween-20 at 90 • C for 15 min for antigen retrieval. After washing with phosphate-buffered saline, sections were blocked with 10% normal goat serum for 1 h in room temperature, and then incubated with primary antibodies in 4 • C overnight. Then, the sections were incubated with AlexaFluor488 second antibodies for 2 h after washing with phosphate-buffered saline. Finally, they were co-stained with DAPI to reveal the nuclei. Sections were examined with a Zeiss Axioplan 2 microscope.
Statistical analysis
The western blot data are expressed as mean ± standard derivation (SD) from 5 independent experiments in the cell cultures and from brain tissues of 6-7 animals for the in vivo studies. Normalized band intensities were analyzed by One Way ANOVA followed, if significant, by Tukey's test as post-hoc test using Quantity One, with p < 0.05 being considered as statistically significant.
RESULTS
Dexmedetomidine increased tau phosphorylation at the S396 epitope under hypothermic and normothermic conditions in the rat cortical neurons
Cultured cortical neurons were treated with different concentrations of dexmedetomidine under normothermia at 37 • C. The results showed that dexmedetomidine has relatively little direct effects on tau phosphorylation in vitro compared with hypothermia and OA at the phosphoepitopes AT8 and AT180 antibodies. The immunoreactivities of AT8, AT180, and S396 were compared by using the ratio of their levels to total tau protein (panTau) after 1 and 6 h incubation (Fig. 1) . Under the same conditions, none of the dosage of dexmedetomidine displayed any significant effects on the tau phosphorylation sites as recognized by the antibodies AT8 (S202/T205) or AT180 (T231) after 1 h Fig. 1 . Tau phosphorylation in primary culture of cortical neurons exposed to dexmedetomidine for a) one hour or b) six hours. Results are presented as ratio of the control. Tau phosphorylation was determined using antibodies directed at the AT8 (Ser202 + Thr205), AT180 (Thr231), and S396 sites. Data is expressed as mean ± SD, * p < 0.05 and * * p < 0.01 versus CON. CON, control; OA, okadaic acid; Dex, Dexmedetomidine; Hpt, hypothermia 35 degrees; Hpt 30, hypothermia 30 degrees. exposure compared with the control group. In contrast, dexmedetomidine at 5 or 10 M significantly increased phosphorylation of tau at S396 after 1 h exposure. The increase was no longer apparent after 6 h exposure, except if neurons were treated with 20 M dexmedetomidine. However, significant increase in phosphorylation of tau at the AT8 and AT180 sites was observed in 20 M dexmedetomidine-treated neurons after 6 h exposure compared with the control group. As excessive cell death was known to occur at the 6 h of exposure to OA and hypothermia, these groups were omitted from the analysis. Our data indicated that the dexmedetomidine could induce tau phosphorylation at Ser202/Thr205, Thr231, and S396 in different periods of exposure time and higher dosages may lead to a long-term effect.
Dexmedetomidine induced tau phosphorylation in the rat CA3 hippocampal but not cortical neurons under hypothermic and normothermic conditions
Apart from in vitro experiments, the impact of dexmedetomidine on tau phosphorylation was further investigated in the intact animals. Firstly, we confirmed that dexmedetomidine could trigger hypothermiainduced phosphorylation of tau, as it has not been reported previously. In the group of rats whose body temperature was not controlled during anesthesia (Dex), administration of dexmedetomidine elicited significant hypothermia. The rat rectal temperature decreased to 33.64 ± 0.36 • C and 29.18 ± 0.28 • C after 15 min and 2 h, respectively, in the hypothermia group versus 35.10 ± 0.40 • C at the beginning of the infusion (p < 0.001). Normothermia was maintained in the temperature controlled group (Dex35) with rectal temperature at 35.25 ± 0.41 • C based on their basic temperature level. In the Sham group, the rectal temperature was 36.1 ± 0.68 • C, which indicated the saline infusion and the tail vein cannulation process did not result in hypothermia.
The results of immunofluorescent staining revealed that there was an increase in phosphorylation of tau at Thr231 and Ser202/Thr205 but not at S396 in CA3 hippocampus neurons after continuously infusion of dexmedetomidine for 2 h (Fig. 2) . However, no positive immunofluorescent reactivity was observed in the cortex (data not shown). Interestingly, tau phosphorylation was increased in not only in the Dex group but also in the Dex35 group, as indicated by AT8, AT180, and DAPI staining. The TUNEL staining also revealed that there was no apoptosis or significant decrease in cell numbers in these investigated regions (data not shown). The results indicate that dexmedetomidine may exert direct effects on the phosphorylation of tau, instead of only inducing tau phosphorylation via hypothermia.
Dexmedetomidine induced tau phosphorylation in the rat hippocampus and cortex under hypothermic and normothermic conditions
As we found positive immunoreactivity for AT8 and AT180 in CA3 hippocampal neurons, we further confirmed the results by western blot analysis. Phosphorylation of tau protein, as detected by specific antibodies to the AT8, AT180, and S396 epitopes were compared by using the ratio of their levels to total tau protein (panTau) after exposure of dexmedetomidine for 2 h. The pattern of tau phosphorylation in hippocampus from western blot was similar to that of immunofluorescent staining. The AT8, AT180, and S396 immunoreactivity showed no significant changes in sham group when comparing with the control group in hippocampus. Dexmedetomidine-induced hypothermia significantly triggered phosphorylation of tau at Ser202/Thr205 (AT8) (108.6 ± 6.7%) and Thr231 (AT180) (113.3 ± 16.8%) when compared to the sham group (Fig. 3a) . In the Dex35 group, tau phosphorylation at Ser202/Thr205 (AT8) (32.6 ± 12.3%) and Thr231 (AT180) (14.6 ± 32.7%) were also significantly increased. Interestingly, significant decrease in tau phosphorylation at S396 (50.8 ± 4.3%) was found in Dex35 group compared to that of sham. These data are consistent with the results from immunofluorescent staining. The results implicate that phosphorylation at Fig. 3 . Tau phosphorylation in a) rat hippocampus and b) cortex following 2 h of anesthesia and 1 h recovery. Results are presented as ratio of the control (CON). Tau phosphorylation were determined using antibodies directed at the AT8 (Ser202 + Thr205), AT180 (Thr231), and S396 sites. Data are expressed as mean ± SD, * p < 0.05, * * p < 0.01 and * * * p < 0.001 versus CON. & p < 0.05, && p < 0.01, and &&& p < 0.001 versus Sham. CON, control; Sham, vehicle injection; Dex 35, Dexmedetomidine with temperature maintenance; Dex, Dexmedetomidine without temperature maintenance.
S396 may occur after exposure to dexmedetomidine with hypothermia or dexmedetomidine with controlled temperature.
To determine whether there was any regional difference in tau phosphorylation, the levels of tau phosphorylation as detected by AT8, AT180, and S396 antibodies in the cortex as well as hippocampus were compared. In the cortex, no significant change in the immunoreactivity of AT8, AT180, and S397 was found in sham group comparing with control group. Dexmedetomidine-induced hypothermia significantly increased immunoreactivity at AT8 (178.9 ± 33.1%), AT180 (45.1 ± 16.8%), and S396 (52.2 ± 22.9%) epitopes, when compared with the sham group (Fig. 3b) . Of note, a significant increase in immunoreactivity at AT8 (68.0 ± 13.3%), but not AT180 and S396 was observed in Dex35 group compared to the sham group. Nevertheless, the hypothermia-induced increase in tau phosphorylation at AT8 was greater than that in the Dex35 group. Again, these data demonstrated that tau phosphorylation at Ser202/Thr205 (AT8) following dexmedetomidine occurs in the cortex, under both normothermic and hypothermic conditions.
Impact of dexmedetomidine on tau kinases and phosphatase in the hippocampus and cortex under hypothermic and normothermic conditions
To further investigate how dexmedetomidine induced phosphorylation of tau in normothermic and hypothermic conditions, we analyzed different kinases including glycogen synthase kinase-3␤ (GSK3␤), protein kinase B (Akt), extracellular signal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK) and protein phosphatase 2A (PP2A) in rats after exposure to dexmedetomidine for 2 h with or without maintenance of temperature.
It has been shown that GSK3␤ is responsible for phosphorylating tau [22] . The activity of GSK3␤ was attenuated by phosphorylation at Ser9 and enhanced by phosphorylation at Tyr216 [22] . In the hippocampus, significantly increase in the phosphorylation of GSK3␤ at Ser9 was found in both Dex group (28.0 ± 17.2%, p < 0.05) and Dex35 group (54.8 ± 25.4%, p < 0.0001) when compared to the sham group (Fig. 4a) . In contrast, there was no difference in the phosphorylation of GSK3␤ at Tyr216 in both groups. In the cortex, similar results were observed, phosphorylation of GSK3␤ at Ser9 was increased significantly in Dex group (70.5 ± 38.1%, p < 0.001) and Dex35 group (116.7 ± 37.4%, p < 0.0001) (Fig. 4b) . There was no significant change in the phosphorylation of GSK3␤ at Tyr216 of both anesthetic groups. This data indicates that induced hypothermia following exposure to dexmedetomidine may exert an inhibitory effect on the activity of GSK3␤ in both hippocampus and cortex. Most importantly, dexmedetomidine may also exert a direct inhibitory effect on the activity of GSK3␤ in both hippocampus and cortex.
Akt is a upstream kinase of GSK3␤ and regulates the activity of GSK3␤ via phosphorylating Ser9 site [22] . Moreover, it can enhance tau phosphorylation directly [23] . In the hippocampus, significant increase in Akt phosphorylation was found in the Dex group (50.2 ± 33.5%) only (Fig. 4a) . In the cortex, no significant change for Akt phosphorylation was seen in the Dex group (Fig. 4b) . Interestingly, significant decrease in Akt phosphorylation in the Dex35 group (17.2 ± 7.3%) as compared to Dex was found. These data suggest that dexmedetomidine-induced hypothermia triggers Akt activity in the hippocampus, but not in the cortex, and may be associated with inhibition of GSK3␤ as shown before by increasing its phosphorylation at Ser9. Nevertheless, the differential responses of Akt phosphorylation levels in different brain regions after exposure to dexmedetomidine may also suggest that Akt is not the sole upstream regulator of GSK3␤.
ERK and JNK are two best-known MAPK pathways activated by mitogenic stimuli and cellular stress involved in AD [24] . Moreover, they also play important roles in phosphorylating tau in both physiological and pathological states [25, 26] . Therefore, we examined the phosphorylation levels of these kinases after the exposure to dexmedetomidine. We observed a significant increase in phosphorylation of ERK in the Dex group (26.5 ± 16.2%, p < 0.01) comparing with sham group in hippocampus. However, no significant change was found in the Dex35 group in both regions ( Fig. 4a & b) . In contrast, phosphorylation of JNK was significantly increased in Dex in hippocampus and cortex. There was no significant different in the Dex35 group in both regions. These results demonstrated that dexmedetomidine might have different impacts on MAPK pathways in hypothermic and normothermic conditions.
PP2A is the key inhibitory phosphatase in the tau pathology [27] and tau hyperphosphorylation can be attributed to the inhibitory changes on Ser/Thr protein phosphatase (PP) activity induced by anesthesia-induced hypothermia [28] . The activity of PP2A is inactivated by phosphorylation at Y307 [29] . Therefore, the immunoreactivity of PP2A was examined whether it is contributed to the Results are presented as ratio of the control (CON). Tau phosphorylation were determined using antibodies directed at the phospho-GSK3␤ (S9), phospho-GSK3␤ (Y216), phospho-ERK1/2, total ERK, phospho-JNK, total JNK, phospho-AKT, total AKT, phospho-PP2A (Y307), PP2A-C, and GAPDH. Data are expressed as mean ± SD, * p < 0.05, * * p < 0.01, and * * * p < 0.001 versus CON. & p < 0.05, && p < 0.01, and &&& p < 0.001 versus Sham. CON, control; Sham, vehicle injection; Dex 35, Dexmedetomidine with temperature maintenance; Dex, Dexmedetomidine without temperature maintenance. dexmedetomidine or hypothermia-induced hyperphosphorylation of tau. In the hippocampus, significant decrease in immunoreactivity at PP2A was found in both Dex (71.5 ± 14.1%, p < 0.05) and Dex35 (68.7 ± 21.0%) (Fig.4a) . However, in the cortex, no significant change in immunoreactivity at PP2A was observed in either Dex or Dex35 (Fig. 4b) . These results reveal that tau hyperphosphorylation may be attributed to the inhibitory effect of dexmedetomidineinduced hypothermia on phosphatase activity. Most importantly, dexmedetomidine can also exert a direct inhibitory effect on PP2A activity in the hippocampus, which may contribute to tau hyperphosphorylation in the hippocampus.
In summary, these data suggest that dexmedetomidine-induced hypothermia leads to inhibition of GSK3␤ and activation of JNK in both the hippocampus and cortex. However, activation of Akt and ERK occurred in the hippocampus experiencing hypothermia. Moreover, dexmedetomidine may attenuate activation of Akt in the cortex. The results indicate that kinase activation is probably not the mechanism leading to tau hyperphosphorylation after exposure to dexmedetomidine. On the other hand, the results also demonstrate that dexmedetomidine led to a reduction in PP2A activity in the hippocampus under both hypothermic and normothermic conditions, which may contribute to tau hyperphosphorylation.
DISCUSSION
Dexmedetomidine exhibits a substantial anesthetic sparing effect clinically and can also independently induce sedation without respiratory depression and less cognitive dysfunction than GABA agonists [30] . It is, therefore, widely used for different types of surgery [31] and for sedation in the ICU. There are many studies examining the direct effect of "conventional" sedative/anesthetic agents on neurons in vitro and in vivo many of which are purported to act on GABA receptors. However, comparatively little data is available regarding the effects of this an alpha-2 receptor agonist on tau proteins. Preliminary results from Whittington and co-workers have shown that there is an increase in phosphorylation of tau at several sites under normothermic conditions in the hippocampus [32] . In the present study, we investigated the direct and indirect impacts of dexmedetomidine on tau phosphorylation by both in vitro and in vivo experiments. Among all the phosphorylation sites of tau, we focused on the phosphorylation site at AT8, AT180, and S396 as several other groups suggested the potential linkage of these epitopes with anesthesia induced effects [8, 32, 33] . Despite dexmedetomidine having a very different mechanism of action compared with other anesthetics, our findings indicate that dexmedetomidine can increase tau phosphorylation in the hippocampus and cortex via hypothermia-dependent and -independent modes of action. In other words, hypothermia may not be the only explanation for tau phosphorylation induced by dexmedetomidine. These results support previous findings showing that different types of anesthetic agents, including propofol and sevoflurane, promote tau phosphorylation directly under normothermic conditions [6] [7] [8] .
Our data indicate that 1 h of exposure of dexmedetomidine under normothermic conditions is sufficient to induce tau hyperphosphorylation in a primary culture of cortical neurons. However, the direct effect of dexmedetomidine on the phosphorylation of tau in differentiated cortical neurons is site-specific and transient. Dexmedetomidine-induced phosphorylation of tau occurs at S396 only, and such effect gradually returns back to the levels seen in controls after 6 h of exposure. Unless high doses (20 M) are used, a longterm effect of dexmedetomidine on phosphorylation of tau cannot be detected.
In quite a number of studies, induction of anesthesia was accomplished by administrating a large bolus without deliberately controlling the depth of anesthesia. This pattern of administering anesthetics in animals is different to that used in clinical practice [3, 6, 8] . Intraperitoneal injection of anesthetics is unreliable as injected contents may be inadvertently placed into the gut, abdominal fat, or other subcutaneous tissues. Furthermore, very deep anesthesia may require a certain time to ensure that drugs are absorbed in the body. The use of rats instead of mice in vivo models made it allow technically feasible to induce and maintain anesthesia intravenously. This enabled titration of the dose according to the response of the animal, a situation more closely mimicking the clinical situation. Using doses determined by our pilot study (data not shown), our delivery method can possibly avoid an initial period of excessively deep anesthesia associated with the bolus effect of intraperitoneal induction. Although not ideal, this enables some degrees of control of the dose of anesthetics over blood levels and, hence, depth of anesthesia.
Our results from in vivo studies demonstrate that the effects of dexmedetomidine on the phosphorylation of tau depend not only on the phosphorylation site but the regions of the brain being examined.
Dexmedetomidine induced a robust hyperphosphorylation of tau, as demonstrated by immunohistochemical and western blot analysis. We found that tau phosphorylation recognized by AT8 and AT180 antibodies accumulated in CA3 hippocampal neurons under both hypothermic and normothermic conditions, demonstrating that hypothermia induced by anesthetics cannot fully explain how phosphorylation of tau occurs. Nevertheless, our results also demonstrate that hypothermia may exert a synergistic effect on tau phosphorylation at AT8 and AT180 sites triggered by dexmedetomidine. However, since the response of S396 phosphorylation was somewhat different to that of AT8 and AT180, phosphorylation at S396 may be an indicator of the effects of dexmedetomidine or hypothermia. It has been reported that not all tau phosphorylation events lead to a decrease in binding ability of tau to microtubules [34, 35] . Phosphorylation of tau at S396 and/or S404 does not significantly affect the affinity of tau for microtubules. Instead, phosphorylation at these sites may increase the propensity of tau to oligomerize and enhance the fibrillogenic properties of tau [34] [35] [36] . Of note, our findings here may implicate that the direct impact on tau phosphorylation at different phospho-epitopes by exposure to dexmedetomidine for 2 h could promote the dissociation of tau from microtubules but not increase the fribrillogenic properties of tau in the hippocampus. Further investigation is required to clarify the impact of dexmedetomidine on tau polymerization. Besides the hippocampus, hyperphosphorylation of tau was also demonstrated in the cortex after anesthesia with dexmedetomidine. Similar results were found in the tau phosphorylation at the AT8 and AT180 phospho-epitopes except that there was no hyperphosphorylation at the AT180 epitope under normothermia. This may suggest a different vulnerability between neurons from the two regions.
Phosphorylation of tau is regulated by several kinases and phosphatases. There are two main pathways involved in this process, including Akt/GSK3 kinases and mitogen-activated protein kinases (MAPK) pathways. Therefore, we examined the expression and/or activation of several enzymes in these pathways. Activation of Akt leads to inhibition of GSK3␤ activity by phosphorylation at Ser9 [22] . PP2A also contributed to the regulation of GSK3␤ activity by inactivate GSK3␤ activity directly or indirectly through Akt dephosphorylation and activation [37] . Although the relationship between PP2A and GSK3␤ is not fully understood, PP2A and GSK3␤ affect activities of each other, which then impact tau phosphorylation directly and indirectly [29, 37, 38] . We demonstrated a reduction in inhibition of PP2A activity in both anesthesia-induced hypothermic and normothermic conditions in the hippocampal region. In addition, a decrease in GSK3␤ activity was found in the hippocampal and cortical regions in anesthesiainduced hypothermic and normothermic conditions. These results suggest that the reduction of PP2A activity and inhibition of GSK3␤ activity may be due not only to the induced hypothermia but also from the anesthetics itself. In AD brains, reduced phosphatase PP2A and increased in tau protein kinase GSK3␤ activity have been suggested to be involved in excessive tau phosphorylation [22, 29] . However, the opposite results found here indicate that the effects of dexmedetomidine on tau phosphorylation may not be primarily accomplished by altering the activity of PP2A and GSK3␤.
ERK and JNK have also been reported to be involved in tau phosphorylation. These two kinases are able to phosphorylate tau in a manner similar to paired helical filaments-like tau phosphorylation observed in AD brain [39] . Under normal physiological conditions, ERK plays a critical role in synaptic plasticity, learning, and memory in the hippocampus [39, 40] . Moreover, ERK has been reported to be involved in cytoskeletal reorganization as half of the ERKs are bound to the cytoskeleton in activated fibroblasts [40, 41] . On the other hand, the JNK pathway is usually activated by cellular stress such as oxidative stress [39] . In our study, the increased levels of p-ERK and the upregulation of JNK activity were observed in hypothermic conditions only, indicating the anesthetic alone may not directly trigger activation of ERK and JNK. Taken together, our results demonstrate that there is a dysregulation in MAPK, and any dysregulation of the MAPK pathways may lead to deleterious consequences in cognitive functions. For example, ERK participates in synaptic plasticity and learning and memory functions [39] . Imbalance in the MAPK pathway after anesthesia has been demonstrated in another investigation using sevoflurane instead [7] . This suggests that repeatedly exposure to dexmedetomidine may perturb MAPK, and hence cognitive function. This warrants further investigation.
In summary, in examining the direct and indirect impact of exposure to dexmedetomidine on tau phosphorylation using in vitro and in vivo models and the effects on the expression and activation of several tau kinases, we have found that the effect of this sedative agent on tau protein phosphorylation is site specific. Hypothermia cannot entirely explain why dexmedetomidine can trigger phosphorylation of tau. As our results show differential effects of dexmedetomidine on different brain regions, this may open a new avenue for studies focusing on different brain regions for their corresponding functions when investigating the effects of anesthetics.
